Brachypodium distachyon is a well-established model monocot plant, and its small and compact genome has been used as an accurate reference for the much larger and often polyploid genomes of cereals such as Avena sativa (oats), Hordeum vulgare (barley) and Triticum aestivum (wheat). Centromeres are indispensable functional units of chromosomes and they play a core role in genome polyploidization events during evolution. As the Brachypodium genus contains about 20 species that differ significantly in terms of their basic chromosome numbers, genome size, ploidy levels and life strategies, studying their centromeres may provide important insight into the structure and evolution of the genome in this interesting and important genus. In this study, we isolated the centromeric DNA of the B. distachyon reference line Bd21 and characterized its composition via the chromatin immunoprecipitation of the nucleosomes that contain the centromere-specific histone CENH3. We revealed that the centromeres of Bd21 have the features of typical multicellular eukaryotic centromeres. Strikingly, these centromeres contain relatively few centromeric satellite DNAs; in particular, the centromere of chromosome 5 (Bd5) consists of only~40 kb. Moreover, the centromeric retrotransposons in B. distachyon (CRBds) are evolutionarily young. These transposable elements are located both within and adjacent to the CENH3 binding domains, and have similar compositions. Moreover, based on the presence of CRBds in the centromeres, the species in this study can be grouped into two distinct lineages. This may provide new evidence regarding the phylogenetic relationships within the Brachypodium genus.
INTRODUCTION
Brachypodium distachyon (2n = 10) is an annual temperate grass of the Brachypodieae tribe within the Pooideae subfamily. Because of its close phylogenetic relationship with important temperate cereals as well as its various favorable features, such as its small stature, rapid life cycle, simple growth requirement and small genome size, B. distachyon was proposed as a model plant at the beginning of this century (Draper et al., 2001) . Today, as it is already well established and widely accepted in this role, it offers substantial experimental and genomic resources, including a large germplasm collection, high-coverage genomic DNA (bacterial artificial chromosome, BAC) libraries, cDNA libraries, mutant (chemical, radiation and T-DNA) collections and highly efficient transformation methods (Brutnell et al., 2015; Kellogg, 2015; Rabe et al., 2016) . In addition, a high-quality whole-genome reference for the B. distachyon inbred line Bd21 has been developed, with 99.6% of all of its sequences incorporated into the final assembly (International Brachypodium Initiative, 2010) . Even more exciting is the finding that compared with important temperate cereals, such as Avena sativa (oats), Hordeum vulgare (barley) and Triticum aestivum (wheat), Bd21 has relatively little (~21.4%) highly repetitive DNA (International Brachypodium Initiative, 2010) .
The centromere is a chromosomal region that plays a pivotal role in the accurate segregation of chromosomes during cell division. A fundamental feature of active centromeres is the presence of CENH3 (CENP-A in mammals), which is a variant of histone H3 that is present in most eukaryotic centromeres studied to date (Drinnenberg et al., 2016; Kursel and Malik, 2016; McKinley and Cheeseman, 2016) . Another intriguing feature of centromeric DNA in most eukaryotes is the abundance of highly repetitive retrotransposons and satellite sequences (Comai et al., 2017) . More strikingly, these centromeric repeated DNAs are highly divergent, even between closely related species (Lermontova et al., 2015) . The high degree of repetitiveness of centromeric sequences that span very long distances still makes current DNA sequencing technologies ineffective. Thus, centromeres are usually presented as incomplete or blank regions in the majority of sequenced eukaryotic genomes, rendering them intractable for genomic analyses, which thereby hinders comparative strategies for the identification and characterization of centromeres among different species.
For B. distachyon, the low percentage (~0.4%) of unassembled genome sequences (International Brachypodium Initiative, 2010) and the identification of some centromeric BACs (Qi et al., 2010) imply that most centromeric regions have been incorporated into the genome assembly. The exact genomic positions and composition of the DNA regions that are associated with the centromere-specific histone CENH3 are largely unknown, however. Here, we conducted a comprehensive genome-wide analysis of the DNA sequences that are associated with CENH3 in the B. distachyon reference line Bd21, followed by the immunolocalization of the anti-CENH3 antibodies and also the fluorescence in situ hybridization (FISH) mapping of various centromeric sequences in some of its annual and perennial, diploid and allopolyploid relatives. This study provides insight into the dynamics of the centromeric retrotransposons within the genomes in both annual and perennial Brachypodium representatives, which sheds new light on the evolutionary relationships within the Brachypodium genus.
RESULTS

Characterization of the CENH3 gene and the anti-CENH3 antibody specificity
By searching with BLAST using rice H3 (GenBank ADI87407.1) as a query, we identified a full-length cDNA clone (GenBank AK439230.1) that codes a protein that is highly similar in the histone fold domains with H3, but that exhibits divergences in the N-terminal and loop-1 domains with H3. This putative CENH3 gene encodes a protein of 159 amino acids and demonstrates 66, 64 and 52% identity with the CENH3 proteins of Oryza sativa (rice), wheat and Arabidopsis, respectively (Figure 1a) . Multiple-alignment analyses revealed that all of these proteins have conserved C-terminal regions, including their aN-helix, a1-helix, a2-helix and a3-helix regions, but that their N-terminal tails and loop-1 domains are highly divergent (Figure 1a ). Whole-genome searches indicated that this putative CENH3 gene is a single-copy gene on the short arm of chromosome Bd2 (19, 159, 162, 605 bp) in the Bd21 genome (version 3.1; https://phytozome.jgi.doe.gov/pz/portal.html#!info?alia s=Org_Bdistachyon).
Polyclonal antibodies were raised in rabbit serum against a 20-amino-acid N-terminal segment that is unique to B. distachyon CENH3 (Figure 1a) . In order to verify the specificity of the CENH3 protein for centromeres, the root tips of this species were immunostained with the anti-CENH3 antibody. The results demonstrated strong and specific signals at the centromeric regions of all five chromosomes (Figure 1b-d) . We also conducted immunostaining in three other B. distachyon inbred lines: Bd1-1, Bd3-1 and Bd30-1 (Figure S1a-f), as well as in a set of other Brachypodium representatives, including diploids such as Brachypodium stacei (2n = 20), Brachypodium pinnatum (2n = 18) and Brachypodium sylvaticum (2n = 18), and the allotetraploids Brachypodium hybridum (2n = 30), Brachypodium pinnatum (2n = 28) and Brachypodium phoenicoides (2n = 28) (Figure S1g-r). These diploids and tetraploids are at different evolutionary distances from B. distachyon ( Figure S2 ). We detected clear immunostaining signals at the centromeres of all of these lines and species ( Figure S1 ), which indicates that the CENH3 proteins, or at least their N termini, are conserved among different Brachypodium species.
Genome-wide mapping of the CENH3-binding DNAs in Bd21
Chromatin immunoprecipitation (ChIP) was performed using Bd21 leaf tissue in order to isolate the DNA that is associated with CENH3. To test the level of ChIP enrichment, ChIP DNA was labeled and hybridized onto mitotic metaphase chromosomes using FISH. The FISH results showed that the signals were specifically localized in the primary constriction regions of the Bd21 chromosomes (Figure 1e-g ), which confirmed the enrichment of the centromeric DNAs in our ChIP DNA. Interestingly, weaker ChIP-FISH signals were detected on both copies of chromosome Bd5, which was the shortest chromosome in the complement (Figure 1f , arrows).
(a) Figure 1 . Alignment of CENH3 homologs along with immunofluorescence and ChIP-FISH using Bd21 anti-CENH3 antibodies.
(a) Multiple amino acid sequence alignment of BdCENH3 (Brachypodium distachyon), TaCENH3 (Triticum aestivum), OsCENH3 (Oryza sativa) and HTR12 (Arabidopsis thaliana). The functional domains are indicated below the sequences. The peptide that was used to produce the Bd21 anti-CENH3 antibody is shown in the box. (e-g) FISH assay using Bd21 CENH3 ChIP-DNA. Bd21 DAPI-stained (gray and blue) somatic metaphase chromosomes (e and g) that were hybridized to CENH3 ChIP-DNA probes. FISH signals (f and g) are visible in the centromeres (g). Scale bars: 10 lm.
The ChIP DNA was then sequenced in order to generate 13.87 million 101-bp Illumina sequence reads. Among the ChIP-seq reads, approximately 64.8% (7.48 million reads) were aligned with unique sites in version 3.1 of the Bd21 reference genome (https://phytozome.jgi.doe.gov/pz/portal. html#!info?alias=Org_Bdistachyon), and these reads were used to map the final CENH3 binding domain. As shown in Figure 2 (top panel), we observed prominent ChIP-seq peaks, which indicated CENH3-enriched domains (i.e. centromere cores) in each of the five Bd21 chromosomes. Comparative analyses showed that the centromeres largely coincided with the most concentrated regions of the satellite tandem repeats ( Figure S3 ). Intriguingly, we did not observe any differences in the gene and transposable element (TE) content between the defined centromere cores and their flanking regions ( Figure S3 ; International Brachypodium Initiative, 2010).
The size of these five centromeres (the distance from the first to the last position of each CENH3 subdomain) ranged from 274 kb in the centromere of chromosome Bd4 (Cent4) to 822 kb in Cent5, and they spanned 2.9 Mb in total, which accounted for 1.07% of the 272-Mb B. distachyon genome (Table 1) . Large unassembled gaps were found in Cent1, Cent 2, Cent3 and Cent4 in the current genome assembly (Figure 2 ; International Brachypodium Initiative, 2010). These gaps are most likely caused by the significant enrichment of highly repetitive centromeric DNA sequences that have not yet been correctly assembled. In contrast, no such large gaps were found in Cent5, which indicates that this centromere primarily contains single-or low-copy DNA sequences. One line of evidence for this hypothesis is the observation of relatively stronger ChIP FISH signals in chromosomes Bd1-Bd4 than in chromosome Bd5 (Figure 1e-g ).
Bd21 centromeres show a typical interspersion of CENH3-and H3-containing nucleosomes Each Bd21 centromere, similar to previously studied centromeres (Gong et al., 2012; Han et al., 2016) , contained nucleosome blocks that were depleted of CENH3 (i.e. H3 subdomains; Figure S4 ); thus, they present the expected pattern of intermingled H3 and CENH3 subdomains (Figure 2) . Both the size and numbers of the H3 and CENH3 subdomains among the five centromeres differed significantly, however, regardless of the centromere size (Table 1) . For example, Cent1 and Cent5, which were relatively large (726 and 822 kb, respectively; Table 1), were each composed of >80 subdomains (H3 and CENH3), with individual subdomain sizes ranging from 0.8 to 158 kb ( Figure 2 ; Table 1 ). In contrast, despite being similar in size than Cent1 and Cent5, Cent2 (806 kb; Table 1 ) contained only five small CENH3 subdomains (<5.6 kb) and four large H3 subdomains (141.2-300.8 kb; Figure 2 ; Table 1 ). Like Cent2, its counterpart in chromosome Bd3, which was small (275 kb), contained intermediate numbers of the H3 and CENH3 subdomains (12 and 13, respectively), and its small CENH3 subdomains (<9.2 kb) were interspersed with one large H3 subdomain (103.2 kb) and 11 small (<9.6 kb) H3 subdomains (Figure 2 ). Cent4 was also small (275 kb), and contained both small H3 and CENH3 subdomains, with a maximal size of 7.6 and 25.6 kb, respectively (Figure 2 ; Table 1 ). Some of the small subdomains were close to the statistical threshold for being annotated as CENH3 and H3 subdomains, however, as described in previous studies using similar strategies (Gong et al., 2012; Han et al., 2016) . This phenomenon is likely to be caused by the nature of the data, which were derived from cells at different stages of the cell cycle. Thus, additional ChIP-seq data and improved genome assembly may lead to clearer annotations.
Bd21 centromeres are depleted of active genes
By screening the B. distachyon genome database, we identified 48 annotated non-TE gene models in the five Bd21 centromeres (Table 1) . Among them, only six genes were found in the CENH3 subdomains and 42 genes were found in the H3 subdomains (Figure 2 ; Tables 1 and S1 ). The average gene density in the Bd21 centromeres was 60.5 kb per gene, which is significantly lower than the genomewide average (7.9 kb per gene; the Bd21 genome is 272 Mb and contains 34 310 non-TE genes). At the subdomain level, the gene density was dramatically reduced to 156.7 kb per gene within the CENH3 subdomains, compared with a relatively higher gene density of 37.5 kb per gene within the H3 subdomains, thus showing that the majority of the centromeric genes are located in the H3 subdomains. Intriguingly, the majority of these genes (41 of 48) code unknown proteins. The remainders are enzyme coding genes, including glycosyl hydrolase, a fucosyltransferase family protein, an N-acetyltransferase B complex, UDP-glucoronosyl and UDP-glucosyl transferase (Table S2) .
We then used RNA-seq data from leaf, seed, anther, pistil, inflorescence, endosperm and embryo tissues (Davidson et al., 2012) to examine the expression of centromeric genes. Only two of the six genes that are located in the CENH3 subdomains (Bradi4g18491 and Bradi5g06147) were expressed in at least one of the seven tissues [value > 0 fragments per kb of exon model per million mapped fragments (FPKM); Figure 2 ; Table S1 ]; however, only an extremely low level of transcription (FPKM value 0.162) was observed for gene Bradi4g18491 in the seeds. In contrast, Bradi5g06147 showed a relatively high level of expression (FPKM values > 5.557) in all seven tissues (Table S1 ). RT-PCR confirmed that Bradi5g06147 was expressed in leaf and seed tissues ( Figure S5) ; however, Bradi4g18491 transcripts were not detected in the cDNA from seeds and leaves after 40 cycles of PCR ( Figure S5 ), Adjusted ChIP-seq reads mapped onto the Brachypodium distachyon reference genome. The read density was calculated in 10-kb windows and peaks representing the relative enrichment of the ChIP-seq reads indicate the CENH3-binding region in each upper panel. The x-and y-axes indicate the position on the chromosome and the read density, respectively, in each upper panel. The read density was calculated as the percentage of unique mapped reads within a given 10-kb window. Fine-mapping of the CENH3-binding regions in 1-kb windows is shown below the 10-kb window maps. In the 1-kb windows, the ChIP-seq read density was calculated in a 1-kb window and is represented by orange peaks. The CENH3 subdomains are illustrated by dark-blue bars. Red vertical bars represent the number of tissue types in which the gene is expressed (fragments per kb of exon model per million mapped fragments, FPKM > 0). Annotated genes (pink) are indicated by their positions as specified in the genome sequence. NNN, unassembled sequence gaps. thus suggesting that this gene is not transcribed in these tissues.
Most of the genes that are located in the H3 subdomains (39 of 42) were expressed in at least one of the seven tissues, and 24 of the 39 were expressed in all seven tissues ( Figure 2 ; Table S1 ). In contrast, only three (Bradi1g40912, Bradi1g41003 and Bradi2g29950) of the 42 genes that are located in the H3 subdomains were inactive in all seven of the tissues tested (Table S1 ). Overall, our results confirm that CENH3 binding is not completely incompatible with gene expression, although gene density and activity are substantially depleted in the CENH3 subdomains.
Bd21 centromeres contain satellite and retrotransposonlike repetitive sequences
In the Bd21 centromeres, numerous unassembled gaps ( Figure 2 ; International Brachypodium Initiative, 2010), which most likely represent repetitive centromeric DNA sequences, might indicate that the current genome assembly has underestimated the repetitive sequence content of the centromeres. To solve this problem, we adopted a method to assess the repetitive DNA composition of the centromeres based on the de novo repetitive sequence annotation (Gong et al., 2012; Han et al., 2016) . After analysis of input data (3.3 million sequence reads; see Experimental procedures), we generated a total of 482 677 clusters, which represented different repeat families of the Bd21 genome and accounted for 86.79% of the genome ( Figure S6 ). Among these clusters, seven (CL1, CL23, CL38, CL 63, CL68, CL99 and CL137) that showed markedly higher ChIP/input ratios (>2.5) than the others ( Figure S7A ) were selected as potential repetitive centromeric sequences. FISH analyses showed that five of these seven clusters (representing repeats CentBd, CRBd23, CRBd38, CRBd68 and CRBd137; Table 2 ) produced clear centromeric signals in the Bd21 genome (Figure 3) . In order to mine the centromeric repeats on a wider scale, we also analyzed three other repeat clusters (CL142, CL218 and CL224) that exhibited relatively high ChIP/input ratios (>1.5; Figure S7a ). FISH analyses with these repeat probes showed weak signals that were dispersed across the genome, however, thus implying that these and other repeat clusters with lower ChIP/input ratios are likely to be non-centromeric. Therefore, the clusters of CL1, CL23, CL38, CL68 and CL137 were used in further analyses.
Sequence analysis revealed that CentBd consisted of a repetitive satellite sequence that had a monomer size of 156 bp in B. distachyon ( Figure S7b ; Wen et al., 2012) . FISH on extended chromosome fibers (fiber-FISH) showed contiguous dotted signals ( Figure S8a ), thus confirming a tandem array organization. Notably, the FISH signal intensities of the mitotic metaphase preparations demonstrated differences in the five pairs of chromosomes. For example, the signals derived from Cent5 (Figure 3b , arrows) was close to the minimum detection limit, and conversely,the signals of Cent3 had the brightest signal intensity (Figure 3b, arrowheads) . To quantitatively evaluate the CentBd content, we adopted a method that is based on the relative gray values of the FISH signals; these values are positively correlated with the copy numbers of the probes, and have previously been used in quantitative assays for the enrichment of target DNA or RNA (Hall et al., 2002; Zenklusen et al., 2008; Olszak et al., 2011) . Similar to the FISH results, the highest gray value, 100.1 AE 15.0, was found for Cent3; this value was 10.5-fold higher than the lowest gray value, 9.5 AE 3.0, which was found for Cent5 (Table S3) . Consistent with our FISH results (Figure 3a-c) , the gray values for CentBd FISH in Cent1, Cent2 and Cent4 were similar (Table S3) .
All of the four other repeats, i.e. CRBd23, CRBd38, CRBd68 and CRBd137, showed a high degree of similarity to the Ty3/gypsy class of retrotransposons ( Figure S7B ; Table 2 ), thus suggesting that they originated from centromeric retrotransposons in Brachypodium (CRBds). FISH analyses for these repeats showed relatively weak centromeric signals in the majority of the Bd21 chromosomes (Figure 3d-o) , which is consistent with their relatively low percentages throughout the genome (0.04-0.16%; Figure S7a ; Table 2 ). In addition to the centromeric FISH signals, dispersed signals were detected in the pericentromeric regions, which indicates non-centromere-specific distribution patterns for these repeats (Figure 3e , h, k, n). Using sequence searching, we observed the scattered localization of the sequences that are homologous to these CRBds ( Figure S3 ), which was confirmed by the dispersed individual fluorescent dots in fiber-FISH ( Figure S8b-f) . Interestingly, we noticed that the pair of long terminal repeats (LTRs) of each CRBd had relatively high sequence identities with each other (Table S4) , which indicates that they are relatively young evolutionarily. There were 75 fullsized LTR-type retroelements in total (including both autonomous and nonautonomous elements) in all five centromeric regions, and 34 are CRBd elements. Based on an estimated average substitution rate of 6.5 9 10 -9 per synonymous site per year (Gaut et al., 1996) , we estimate that these 34 CRBds are 0-7.7 million years old. Strikingly, except for one with an estimated age of 7.7 million years, all of the other 33 CRBds have transposed within the last three million years (Table S4) .
Low content of repetitive satellite sequences in Bd21 centromeres
Our results revealed that CentBd satellite DNA accounts for only 0.58% of the genome (Table 2) , which implies that in total it only spans~1.6 Mb of the 272-Mb Bd21 genome. We re-searched for CentBd homology in the genome and identified 367 copies of the 156-bp unit (57 kb in total) in the noncentromeric regions. These homologous sequences were widely dispersed along the chromosome arms, and no individual tandem array was longer than 6 kb, which is the detection limit of FISH. Regardless, these results indicate that most of the 1.6 Mb of the CentBd satellite DNA is located within the centromeric regions.
In order to assess the content of CentBd satellites in each centromere, we calculated the proportion of the CentBd signal in each centromere and then deduced the relative size of CentBd (Table S3 ). The results showed that there are 371, 338, 496, 348 and 47 kb of the CentBd sequence in Cent1, Cent2, Cent3, Cent4 and Cent5, respectively (Table S3) . Searching in the current genome assembly, we identified 250 copies (38 kb) of the CentBd satellite unit in Cent5, which is consistent with the putative length based on the FISH signal gray values, as described above (47 kb; Table S3 ). Similarly, we identified 160, 50 and 80 kb of satellite DNA that was homologous to CentBd from Cent1, Cent3 and Cent4, respectively, but no CentBd homology was found in Cent2. Thus, we estimated that there are only approximately 211, 338, 446 and 268 kb of an unassembled CentBd satellite sequence in Cent1-Cent4; these sequences are organized into highly repetitive arrays and thus were not included in the genome assembly, instead being left as unassembled gaps (Figure 2 ). Regarding the megabasescale long arrays in other eukaryotic centromeres, our results revealed that Bd21 centromeres have a lower content of repetitive satellite sequences than was expected.
Intraspecific distribution of the centromeric satellite CentBd in B. distachyon A common feature of repetitive centromeric DNA is its high degree of diversity, even among closely related species (Lermontova et al., 2015) . B. distachyon includes many lines that have been collected from a wide geographic range, from Europe to the Middle East, and these lines exhibit considerable genetic variation (Gordon et al., 2014) . To explore the evolutionary diversification of repetitive centromeric DNA, we conducted comparative assays between Bd21 and three other diploid inbred lines: Bd1-1, Bd3-1 and Bd30-1. Evidence from the DNA markers and whole-genome sequencing assays demonstrated that the Bd1-1 from Turkey and the Bd30-1 from Spain are the two lines that have diverged the farthest from the model line Bd21, whereas Bd3-1 is closely related to Bd21 (Gordon et al., 2014) .
The FISH assays detected these satellite sequences and retrotransposons in all of the lines analyzed (Figures 4a-c  and S9 ). FISH signals were observed in the centromeric and pericentromeric regions, similar to the results from Bd21 ( Figure 3) ; however, the signal intensities that were derived from the centromeric satellite CentBd exhibited clear differences among these inbred lines. For example, the Cent5 in Bd3-1 and Bd1-1 had the weakest signals (Figure 4a and b, arrows) ; however, using the same exposure time, we detected bright CentBd signals from Cent5 in Bd30-1 (Figure 4c, arrows) . These results were confirmed using gray values (Figure 4d) , and are consistent with the high level of genetic divergence between Bd30-1 and the other lines (Gordon et al., 2014) . Moreover, the gray values of the other centromeres also showed significant differences among the inbred lines (Figure 4d ). For example, the CentBd gray values from the five centromeres of Bd21 were at least 1.6-fold higher than those in the closely related line Bd3-1, i.e. 74.9 versus 29.0, 68.3 versus 27.3, 100.1 versus 58.3, 70.2 versus 23.5 and 9.5 versus 5.9 for Cent1, Cent2, Cent3, Cent4 and Cent5, respectively (Figure 4d) . Thus, the FISH signal dynamics of CentBd indicates that the centromeric satellite copy numbers have undergone widely differing levels of amplification or deletion, even among closely related inbred lines. 
Evolutionary dynamics of the centromeric repeats within the Brachypodium genus
There are three annual species in the Brachypodium genus: B. distachyon (2n = 10) and B. stacei (2n = 20), which are diploids, each with distinct base chromosome numbers of x = 5 and x = 10; and B. hybridum (2n = 30) (Hasterok et al., 2004 (Hasterok et al., , 2006 Catalan et al., 2012) . Molecular cytogenetics studies followed by phylogenetic and phenotypic analyses have revealed that B. hybridum is an allotetraploid that originated from hybridization events between progenitors that are closely related to B. distachyon and B. stacei (Hasterok et al., 2004; Catalan et al., 2012; L opezAlvarez et al., 2012; Betekhtin et al., 2014) . In order to examine the dynamics of the Bd21 repetitive centromeric DNAs through this polyploidization event, we conducted FISH analyses on the tetraploid B. hybridum and the diploid B. stacei. The FISH analyses using Bd21 CentBd satellite probes showed clear centromeric signals on all of the chromosomes of both B. hybridum and B. stacei ( Figure S10a and b). The signal intensities were non-uniform among the centromeres in these two species, as was also observed in Bd21; however, no chromosomes produced centromeric signals that were as weak as those observed for Cent5 in Bd21 ( Figure S10a and b) , thus suggesting differences in the CentBd copy number dynamics among the centromeres of these three Brachypodium annuals.
Intriguingly, no signals for the four CRBds were detected in B. stacei (Figure 5a ). By contrast, we consistently detected centromeric signals on 10 chromosomes in the allotetraploid B. hybridum, and these 10 chromosomes all produced fluorescence when hybridized with the probe for the Bd21 genome (Figure 5b and c) .
Brachypodium pinnatum (2n = 28) and B. phoenicoides (2n = 28) are perennial allotetraploid species that are considered to have originated from interspecific crosses between a common ancestor similar to B. distachyon (2n = 10) and the diploid species B. pinnatum (2n = 18) and B. sylvaticum (2n = 18), respectively (Wolny and Hasterok, 2009; Catalan et al., 2012; Betekhtin et al., 2014) . FISH assays using the CentBd probe showed centromeric signals in all four of these species ( Figure S10c-f) ; however, similar to the results from B. stacei, we did not detect signals in either the diploid or allotetraploid B. pinnatum species in our FISH assays (Figure 5d and e) . In contrast, the CRBds showed similar distribution patterns between the diploid B. sylvaticum and the allotetraploid B. phoenicoides, with most of their CRBds concentrated in the centromeric regions (Figure 5g and h). After hybridization with the genomic DNA probes from Bd21 and other diploid species, however, we did not detect signals from one of the subgenomes in the chromosomes of B. pinnatum (2n = 28) and B. phoenicoides (2n = 28) (Figure 5f and i).
DISCUSSION
Brachypodium centromeres have typical centromeric chromatin
In most multicellular eukaryotes, the centromeres are composed of long arrays of repetitive satellite sequences and highly repetitive retrotransposon-like sequences (Jiang and Birchler, 2013; McKinley and Cheeseman, 2016) . These repetitive centromeric sequences are intractable because of their high levels of diversity, which has severely hindered attempts to sequence and assemble centromeric DNA. Currently, no native centromeres have been completely sequenced, except for rice centromeres 4 and 8 (Nagaki et al., 2004; International Rice Genome Sequencing, 2005) . Thus, centromeres are considered to be the last frontier of multicellular eukaryotic genomes (Henikoff, 2002; Jiang, 2015) . In order to decipher the centromeres of the model grass B. distachyon, we conducted a genome-wide analysis of the DNA sequences that are associated with the centromere-specific histone H3. Comprehensive analyses revealed that the centromeric chromatin of the B. distachyon inbred line Bd21 exhibited an identity that is similar to that of other multicellular eukaryotes.
Firstly, in Bd21, the centromeric satellite and retrotransposon-like elements were associated with the centromerespecific histone CENH3, which is the most prominent characteristic of eukaryotic centromeres (Jiang and Birchler, 2013; McKinley and Cheeseman, 2016; Comai et al., 2017) . As in other eukaryotic centromeres, a dominant satellite CentBd evolved rapidly and was found throughout the Bd21 genome. Interestingly, the five Bd21 centromeres contained a relatively low content of the repetitive satellite of CentBd (estimated at 47-496 kb; Table S3 ). In particular, Cent5 contained only 47 kb of this sequence (38 kb in the current assembly). CRBds are evolutionarily young, and accounted for a relatively low proportion of the genome and were dispersed among the centromeres. Moreover, we also found that active genes were present in the centromere cores that were associated with either H3 or CENH3.
Secondly, we found that CENH3 binding is discontinuous and is interrupted by canonical H3 nucleosomes in the Bd21 centromeres. This pattern of interspersed CENH3-and H3-containing nucleosomes is an evolutionarily conserved aspect of the centromere structure, and has previously been found in animals and plants (Blower et al., 2002; Nagaki et al., 2004; Gong et al., 2012; Han et al., 2016; Zhu et al., 2016) . This structure is consistent with the physical models of centromeres, in which blocks of CENH3 nucleosomes are oriented on the exterior, facing the kinetochore, whereas the blocks of H3 nucleosomes are located in the interior (Blower et al., 2002) .
Thirdly, the Bd21 centromeres also showed a lack of active genes. The incompatibility between active transcription and centromeres has been described for both the point centromeres of budding yeast and the regional centromeres of other eukaryotes (Chlebowicz-Sledziewska and Sledziewski, 1985; Nagaki et al., 2004; Gong et al., 2012; Han et al., 2016) . It has been suggested that this phenomenon arises from the existence of CENH3, which differs from the canonical H3 and leads to the failure of the histone modification pathway that is specific to H3 nucleosomes (Wang et al., 2014) . Moreover, CENH3 nucleosomes are structurally more compact than H3 nucleosomes (Hasson et al., 2013; Zhang et al., 2013) . Thus, the incompatibility of gene transcription in the presence of CENH3 leads to a deficiency of genes within the centromeres. Active genes were still found in the subdomains that are associated with CENH3 in both this and previous studies (Gong et al., 2012; Wang et al., 2014; Han et al., 2016) , however, thus indicating that CENH3 binding is not completely incompatible with gene transcription. This observation is theoretically reasonable because kinetochores only function during cell divisions, whereas transcription occurs throughout the rest of the cell cycle.
Phylogenetic evidence from the repetitive centromeric sequences
The genus Brachypodium comprises about 20 species including diploids with basic chromosome numbers of 5, 8, 9 and 10, as well as allopolyploid species with 2n = 28, 30 and 38 (Hasterok et al., 2004; Wolny and Hasterok, 2009; Betekhtin et al., 2014;  Figure S2 ). In this study, the presence of CRBds in the Bd21 and Bd21-derived chromosomes in all of the allotetraploid B. hybridum (Figure 5a-c) confirmed previous results that showed that this species originated from hybridization events between progenitors that were related to B. distachyon and B. stacei (Hasterok et al., 2004; Catalan et al., 2012; L opez-Alvarez et al., 2012; Betekhtin et al., 2014) . Moreover, the absence of CRBds in B. stacei supported the distinct evolutionary origins of the two diploid species B. stacei and B. distachyon (Catalan et al., 2012; Figure 6 ).
Previous cytogenetic analyses using FISH with genomic DNA probes and simple ribosomal DNA markers suggested that B. distachyon (2n = 10) was likely to have been the ancestor of the perennial allopolyploids B. pinnatum (2n = 28) and B. phoenicoides (2n = 28) through crosses
(g) (h) (i) Figure 5 . Fluorescence in situ hybridization (FISH) assays for CRBd distribution in the six Brachypodium species.
(a-f) Mixed probes for the four CRBds (CRBd23, CRBd38, CRBd68 and CRBd137) that were hybridized to the somatic metaphase chromosomes of each species: B. stacei (a); B. hybridum (b); B. pinnatum (2n = 18) (d); B. pinnatum (2n = 28) (e); B. sylvaticum (g); and B. phoenicoides (h). (c, f, i) Dual-probe FISH mapping using the genomic DNA probe pairs for B. distachyon and B. stacei, B. distachyon and B. pinnatum (2n = 18) and B. distachyon and B. sylvaticum, respectively. Scale bars: 10 lm.
with another putative diploid ancestor, B. pinnatum (2n = 18) and B. sylvaticum (2n = 18), respectively (Wolny and Hasterok, 2009 ). However, subsequent karyotyping and comparative analyses of the orthologous coding sequences suggested that B. distachyon is not a parent of these perennial allopolyploid species (Wolny et al., 2011; Idziak et al., 2014) , and as such the phylogeny of these species remains an open question. In our study, these four CRBds were present in the diploid species B. sylvaticum ( Figure 5g ) and the allotetraploid species B. phoenicoides (Figure 5h ), but were absent from the diploid B. pinnatum (2n = 18) (Figure 5d ) and the allotetraploid B. pinnatum (Figure 5e ). These results revealed close relationships between B. sylvaticum and B. phoenicoides, and between B. pinnatum (2n = 18) and B. pinnatum (2n = 28). Thus, our results support the hypothesis that B. sylvaticum and B. pinnatum (2n = 18) were among the ancestors of the allotetraploid species B. phoenicoides and B. pinnatum, respectively ( Figure 6 ). More importantly, the opposite results for the distribution of CRBds in the two diploid species B. sylvaticum and B. pinnatum (2n = 18) (presence or absence in centromeres) resembles the situation that is observed for B. distachyon with B. stacei, thus providing evidence that they may also represent two distinct diploid taxa (Figure 6 ). Indeed, recent comparative karyotyping analyses have demonstrated that the genomes of B. sylvaticum and B. pinnatum (2n = 18), though similar at the chromosomal level, are differentiated by various chromosomal rearrangements (Idziak et al., 2014) . Thus, these lines of evidence have revealed genomic diversities between these two perennial diploids, and suggest that they have different evolutionary origins, i.e. they may have been linked with the lineages of B. distachyon and B. stacei, respectively, based on the presence or absence of CRBds (Figure 6 ).
In addition, the absence of these CRBds in the allotetraploid B. pinnatum (2n = 28) suggests that its parental ancestors also originated from a CRBd-lacking lineage. Thus, if B. pinnatum (2n = 18) was one of the donors (Wolny et al., 2011; Idziak et al., 2014) , the other ancestral donor was also likely to have originated from the same CRBd-lacking lineage ( Figure 6 ). In contrast, although B. sylvaticum has clearly been demonstrated to be one of the ancestral donors of the allotetraploid species B. phoenicoides (2n = 28), we could not determine the lineage type (CRBd-possessing or CRBd-lacking) of the other ancestor because centromeric retrotransposons can jump between subgenomes after the initial polyploidization event (Han et al., 2016) ; however, our results did show that the CRBds still resided in their original genomes stably after polyploidization in B. hybridum (Figure 5b) , thus indicating that these Brachypodium CRBds were immobilized. Thus, the other ancestral donor is likely to be of the CRBd-present type ( Figure 6 ). We can also rule out the possibility that these CRBds were active in B. phoenicoides: if they had been, we would have observed CRBd proliferation in one of the sub-genomes. Our FISH results showed no significant differences in the signal intensity (Figure 5h) , however, and thus did not support this hypothesis.
EXPERIMENTAL PROCEDURES Plant materials
Four B. distachyon inbred lines, Bd21, Bd1-1, Bd3-1 and Bd30-1, were used for the ChIP and cytological analyses. The other six species, i.e. the diploid B. stacei (2n = 20) inbred line ABR114, B. pinnatum (2n = 18) acc. PI 230113, B. sylvaticum (2n = 18) acc. PI 297868, the allotetraploid B. hybridum (2n = 30) inbred line Adi-P1, B. pinnatum (2n = 28) acc. PI 430277 and B. phoenicoides (2n = 28) acc. PI 253503 were used for FISH mapping.
ChIP and ChIP-seq
In order to generate antibodies, a peptide consisting of the 20 most N-terminal amino acids (MARTKRPAIRKSKPQPKKQL) of the As was demonstrated by FISH with CRBd probes, the analyzed Brachypodium species can be classified into two lineages, which originated from a common ancestor but may have distinct genetic origins. Brachypodium distachyon and B. stacei are the parental donors for the allotetraploid B. hybridum, whereas B. pinnatum (2n = 18) and B. sylvaticum are potential donors for B. pinnatum (2n = 28) and B. phoenicoides, respectively. The other donors of B. phoenicoides and B. pinnatum (2n = 28) are unknown, but were likely to have derived from a donor with CRBds for B. phoenicoides and without CRBds for B. pinnatum (2n = 28).
B. distachyon CENH3 protein was synthesized (Figure 1a) . Polyclonal antibodies against this peptide were raised in rabbit serum. The ChIP experiments were conducted following a published protocol (Han et al., 2016) . Untreated DNA was used as the input control. The ChIP and input DNA samples were then used to construct the libraries according to the protocol provided by Illumina (NEBNext-Ultra TM DNA Library Prep Kit for Illumina E7370; New England Biolabs, https://www.neb.com) and the libraries were sequenced using the HiSeq 2500 platform (Illumina, https://www.il lumina.com).
ChIP-seq and RNA-seq mapping
The treatment and mapping of the sequence reads from the ChIP and input samples were conducted as previously described (Han et al., 2016) . The Bd21 genome assembly version 3.1 (https://phyto zome.jgi.doe.gov/pz/portal.html) was used to map the sequence reads. We allowed 2-bp mismatches between each sequence read and the reference genome. Only reads that were mapped to a unique site in the Bd21 reference genome were retained and used for further analysis. The genome was then separated into 10-kb windows and the unique mapped reads were counted. The read density was calculated as the total number of unique mapped reads in a 10-kb window divided by the total number of mapped nucleotides. To compensate for the non-specific binding by the rabbit serum used in the ChIP experiments, the read density was adjusted for the background signal using the input sequence read data.
The CENH3 and H3 subdomains were identified using SICER 1.1 (http://home.gwu.edu/~wpeng/Software.htm). This software tool was used to identify the diffuse regions of ChIP enrichment. We used 400-bp windows, a required fold change/control ≥4 and FDR (false discovery rate) < 0.01, and allowed 400-bp gaps when defining the CENH3 subdomains. For the few genes that spanned the transition zone between the CENH3 and H3 subdomains, each gene was defined to be in the CENH3 subdomain if >50% of its sequence was within the CENH3 subdomain.
The annotated gene models (International Brachypodium Initiative, 2010) in centromeres were manually re-examined and the gene models that were similar to TEs were removed. The gene expression values (FPKM) were calculated based on the analysis of RNA-seq data from seven tissue types in B. distachyon, including leaves, early inflorescences, anthers, pistils and whole seeds at 10 DAP (days after pollination), embryos at 25 DAP and endosperms at 25 DAP (NCBI SRA: SRR349786, SRR352137, SRR352140, SRR352141, SRR352142, SRR352143, and SRR352144).
Identification of the centromeric repeats
In order to identify centromeric repeats, a similarity-based clustering method was used as previously described (Gong et al., 2012) . First, a portion of randomly selected input-seq reads was used to perform graph-based clustering using REPEATEXPLORER with default parameters (Novak et al., 2013) . Repeats were then identified and classified as individual repeat clusters based on their sequence similarity. Next, the ChIP-seq and input-seq reads were mapped to the repeat clusters using BLASTn with an e-value threshold of 1e
À8
. Reads were assigned to clusters based on their similarity. The number and proportion of aligned reads from the ChIP and input data in each cluster were calculated, and represent the relative enrichment of each cluster in the ChIP-seq data. Relatively high ChIP/input values, which represented repeat enrichments in the ChIP sample, were considered to be potential centromeric repeats, and were further analyzed using FISH.
PCR and RT-PCR
The probe DNA that was used in the FISH analyses was amplified from Bd21 genomic DNA using PCR. Primers for each repeat were designed for the contig with the highest read depth (Table S5) . The amplified DNAs were labeled for use as probes in FISH and fiber-FISH. The PCR reactions were run at: 95°C for 3 min; then 35 cycles of 95°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec; and a final elongation of 5 min at 72°C.
At the mitotic metaphase, three of the five B. distachyon (2n = 10) chromosomes (chromosomes Bd1, Bd4 and Bd5) can easily be identified according to the morphometrical features that are revealed by either phase contrast microscopy or basic fluorescent staining of DNA, for example with 4 0 ,6-diamidino-2-phenylindole (DAPI). The reproducible identification of all of the chromosomes in the complement requires FISH with probes that are specific to chromosomes Bd2 or Bd3, however. To this end, we developed a Bd3-specific FISH marker by isolating a 4.2-kb DNA probe that had been amplified from the distal region of its long arm (58 455 701-58 463 100 bp). The primers (5 0 -CAGGCTT CACTCTTAGTAGGTTC-3 0 and 5 0 -TCCGTTCTATTATTTGCTTCATT 3 0 ) were designed based on the genome sequence of this region, and were then used in PCR. The PCR reactions were run at: 95°C for 3 min; then 35 cycles of 95°C for 30 sec, 58°C for 30 sec and 72°C for 4 min; and a final elongation of 5 min at 72°C. Finally, RT-PCR was used to examine the expression of the centromeric genes in Bd21. RNA was extracted from the young leaves and immature seeds of Bd21 plants. RNA was reverse transcribed using a PrimeScript TM RT Reagent kit with gDNA Eraser (Takara Bio Inc., http://www.takara-bio.com) according to the manufacturer's instructions. PCR was conducted using gene-specific primers (Tables S6 and S7) , and the cycling parameters were: 95°C for 3 min; 35 or 40 cycles of 95°C for 30 sec, 63°C for 30 sec and 72°C for 30 sec; and with a final elongation of 5 min at 72°C.
FISH, fiber-FISH and chromosomal immunofluorescence
The FISH and fiber-FISH procedures were adapted from published protocols (Han et al., 2016) . To compare signal intensity, 50 ng of each labeled probe was used in the mitotic metaphase FISH, and all of the images were captured on an Olympus BX63 epifluorescence microscope using the same exposure time of 900 ms (Olympus, https://www.olympus-global.com).
Immunostaining was performed according to published protocols (Han et al., 2016) , with some modifications. After fixation in paraformaldehyde, root tips were squashed on a glass slide and then dehydrated in 75% ethanol for 5 min. Anti-CENH3 antibodies were applied to the slides and incubated in a humid chamber at room temperature (RT) (20-25°C) for 3 h. The slides were washed in full-strength PBS three times and incubated with Alexa Fluor 594 chicken anti-rabbit IgG (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com) as the secondary antibody at 37°C for 1 h. After three rounds of washing in full-strength PBS, the slides were dried at RT and the chromosomes were counterstained with DAPI before being examined under an epifluorescence microscope.
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